The field performance of 'Fuyu' and 'Hiratanenashi' Japanese persimmon (Diospyros kaki Thunb.) trees grafted onto rootstocks propagated from cuttings of root suckers of dwarfed trees (R-a and R-b) was investigated over seven years. The results were then compared with the performance of trees grafted onto seedling stocks (S) as well as that of micropropagated and own-rooted trees (O-R). Shoot growth of both cultivars on R-b was less vigorous than that on R-a, while tree height of 'Hiratanenashi' on R-a was the same as that of both S and O-R. Secondary shoots on R-b trees were scarce in both cultivars in the fifth and sixth years. On R-b, both cultivars bore flowers soon after field establishment and thereafter continued to do so abundantly, with the percentage of flower-bearing shoots on R-b trees being the highest for each study year. Yield efficiencies calculated by units of trunk cross-sectional area, canopy area, and canopy volume showed that R-b trees produced fruit most effectively, although the total yields during the three harvest years were not significantly different between rootstocks. The appearance of the graft union with R-b varied depending on the scion cultivar, but no union was damaged by the occurrence of several typhoons, which uprooted a number of trees. These results show the possibility of using R-b propagated by cutting as a dwarfing rootstock for persimmon trees. Overall, the R-b rootstock improved yield efficiency, although fruit quality requires further investigation because it is thought to be affected by rootstock type.
Introduction
Japanese persimmon trees (Diospyros kaki Thunb.) tend to grow to a significant height, resulting in difficulties in orchard management (Tao and Sugiura, 1992) . Efforts have therefore been made to identify dwarfing rootstocks, and several promising dwarfs having been found among trees on seedling stocks (Kimura et al., 1985) . For example, the free stock seedling KD-1 resulted in the 'Hiratanenashi' tree, 3.7 m in height, which was 70% that of normal-sized trees in the same orchard, while the 'Saijyo' tree grafted on OD-1 showed the sub-dwarfing habit, 1 m in height (Tetsumura et al., 2003b) . Kimura et al. (1985) suggested that such rootstocks might have genotypic dwarfing ability, and thus applied micropropagation using root suckers as in vitro explants (Kagami et al., 1995) . The growth and fruit quality of Japanese persimmon 'Maekawajiro' grafted on micropropagated rootstocks were subsequently investigated with promising results (Kamada, 2008; Kamada et al., 2004; Wada et al., 2004) . However, due to the high costs involved (Howard, 1987) , it is difficult to micropropagate dwarfing rootstocks for Japanese persimmon trees in commercial quantities, and accordingly, alternative propagation methods are required.
We developed a cost-effective method of vegetative propagation that involved cutting propagation of dwarfing rootstocks using root suckers (Tetsumura et al., 2000 (Tetsumura et al., , 2003b (Tetsumura et al., , 2009 ) as well as successful micropropagation (Tetsumura et al., 2009) . Results showed that pear and plum stock plants derived from micropropagation 328 gave cuttings with higher rooting ability than those from conventional propagation (Howard et al., 1989a, b; Jones and Webster, 1989) . Cuttings from the micropropagated stock plants of some Japanese persimmon cultivars have also been shown to root better than those from stock plants grafted on seedlings (Tetsumura et al., 2002) . Cutting propagation of dwarfing rootstocks for Japanese persimmon is therefore thought to be a practical system for the production of nursery stocks.
The field performance of apple trees grafted on micropropagated dwarfing rootstocks was previously shown to differ from that of trees grafted on conventionally propagated counterparts (Jones and Hadlow, 1989) . Although apple trees with dwarfing rootstocks derived directly from micropropagation had many suckers and burrknots, those with dwarfing rootstocks propagated from cuttings derived from micropropagated plants showed improved growth, similar to that of trees with dwarfing rootstocks obtained by conventional propagation (Jones and Webster, 1993) . Own-rooted Japanese persimmon trees demonstrated differing growth, flowering and fruiting when propagated by cutting as compared to micropropagation (Tetsumura et al., 2003a) . Koshita et al. (2009) investigated the early growth of 'Fuyu' Japanese persimmon grafted onto three dwarfing rootstocks propagated by cuttings and micropropagation, and found that they were smaller than the control. However, they have yet to produce fruit, and confirmation of whether trees grown on dwarfing rootstocks can successfully produce fruit is important.
In this study, we evaluated the growth, flowering, and fruiting of trees over seven years using 'Fuyu' and 'Hiratanenashi' Japanese persimmon grown on cuttings propagated from rootstocks of dwarfed persimmon trees. Findings were compared with trees grafted on seedling stocks as well as micropropagated and own-rooted trees.
Materials and Methods

Plant materials and experimental design
The origins of the rootstocks used in this study were described previously (Tetsumura et al., 2003b) , but the names KD-1 and OD-1 were changed here to "Rootstocka" (R-a) and "Rootstock-b" (R-b), respectively. Softwood single-node cuttings collected from root suckers were planted in a mist system in June 2000 and subsequently rooted well (Tetsumura et al., 2003b) . They were then planted in 4-L pots for one year, after which cuttings with a well-developed root system were transplanted to 20-L pots. The scions of 'Fuyu' and 'Hiratanenashi' were grafted at a height of 30 cm on the shank of the rootstocks in March 2002 and raised outdoors until orchard planting. Own-rooted (O-R) plantlets obtained by micropropagation (Tetsumura, 1997; Tetsumura et al., 1991) were planted in 4-L pots in August 2002 and raised in a greenhouse until orchard planting. Nursery stocks grafted onto one-year-old Diospyros kaki seedlings with a 5-cm shank (Seedling, S) in the spring of 2002 were raised in an outdoor nursery, dug up in December 2002 and then heeled-in in moist sand until orchard planting. As a result, S trees were initially the largest and O-R trees the smallest, with R-a and R-b trees falling between the two.
In February 2003, all trees were planted in Andosol (Kuroboku Soil) in the orchard of the Field Science Center, University of Miyazaki, Japan. Two rows were created, a 'Fuyu' row and 'Hiratanenashi' row. The within-row spacing was 4 m and the between-row spacing was 3 m. The experimental design was a randomized complete block with five replications comprising one tree each. Several typhoons destroyed some of the trees in 2004 and 2007, and wild boars damaged further trees in 2006. As a result, the data of S and O-R 'Fuyu' trees could not be statistically analyzed, because only two respective trees survived without damage. On the other hand, four R-a and four R-b 'Fuyu' trees avoided damage. Of the 'Hiratanenashi' trees, since only one S and one O-R tree were damaged, all types were analyzed statistically using four trees each. Trees were pruned to modified leader type training. Up until the 2005 season, all female flowers were removed and then from 2006 onwards, one floret was left on each shoot in early May and the others were thinned. In early July, fruits were thinned so that shoots with five or more leaves bore only one fruit. Flowers were not pollinated, but a pollenizer was located 50 m away from the two rows. Pest and fertility management was conducted as recommended.
Evaluation of tree growth, flowering, and fruiting
Trunk cross-sectional areas (TCSA) at 40 cm above the soil and tree height were measured in February before pruning. In 2009, the TCSA at 20 cm above the soil and at the graft union of R-a and R-b trees were also measured to calculate the swelling index, defined as the TCSA at the graft union divided by the average TCSA at 20 cm and 40 cm above the soil. The numbers of flowers and shoots with and without flowers were counted in May, and the total shoot length and number of shoots were measured in November every year. At the end of March, April, May, and June 2007, shoot length was measured to evaluate secondary shoot growth. The percentages of shoots showing secondary growth were also calculated on June 27, 2007 and October 30, 2008 . Mature fruit with an apical color score of 5 (Yamazaki and Suzuki, 1980) were harvested and weighed every 5 days. The median harvest date (50% harvest) was calculated as the number of days after initiation of harvest. Yield efficiency was calculated in 2008 from the cumulative yield over three years per tree (kg) per TCSA (cm 2 ), ground area covered by tree canopy (m 2 ) or canopy volume (m 3 ), which was estimated according to Kimura et al. (1985) . During each harvest, the following were investigated on five fruits per tree: skin color in the equatorial region, the soluble solids content (SSC) measured with a digital refractometer (PAL-100, Atago Co., Tokyo, Japan), fruit firmness measured on two paired surfaces at the equatorial region using a fruit hardness tester (KM-5, Fujiwara Scientific Company Co., Tokyo, Japan) fitted with a cone tip plunger, and the number of seeds.
With 'Fuyu', the frequency and degree of physiological disorders on fruit, namely, calyx-end cracking and stylar-end cracking, were also investigated. With 'Hiratanenashi', SSC was measured after deastringency treatment at approximately 95% CO 2 and 27°C for one week. The means of these fruit quality data were multiplied by the ratios of the fruit number harvested on that date to the total fruit number, and the total of the transformed values was considered the data per tree.
Data analysis
Data collected from February 2003 to May 2009 were analyzed using analysis of variance (ANOVA), and all percentage data were subjected to arcsin transformation before being subjected to ANOVA. The F-test (P < 0.05) was used to segregate differences between R-a and R-b trees in all measurement items for 'Fuyu' and in the swelling index for 'Hiratanenashi'. Other measurement items employed with 'Hiratanenashi' were segregated using Fisher's protected least significant difference (LSD) test.
Results
Tree growth
In 2004, S trees were found to be shorter than in 2003 ( Fig. 1) , because the leaders were cut back severely at planting to alleviate transplanting shock but they did not grow well during the first growing season. S trees of 'Hiratanenashi' grew well thereafter, whilst the height of S trees of 'Fuyu' was the same as that of R-b trees since the two larger individuals were uprooted by typhoons, although statistical analysis of this difference was not conducted. R-a trees of both cultivars were consistently taller than R-b trees, while O-R trees, which were the smallest at field establishment, continued to grow upwards from the second growing season.
The total shoot length of R-a trees was consistently the longest and that of R-b trees the shortest (Fig. 2) , while that of O-R trees increased gradually until 2007 and then rapidly thereafter. Although R-b trees tended to have fewer shoots than the other trees, the significance of this difference was not as evident as the differences in total shoot length (Fig. 3) . This suggests that the differences in mean shoot length affected the total shoot length. In line with this, the mean shoot length of 'Fuyu' R-b trees was significantly shorter than that of R-a trees after 2006 (data not shown); however, there were no significant differences in the mean shoot length of 'Hiratanenashi' in most years. This suggests that the effect of the rootstocks on shoot length varied by cultivar, as did shoot number, which was the same in R-b trees between cultivars but differed among R-a trees (Fig. 3) .
The shoots of R-b trees of both cultivars had stopped growing by the end of April 2007, but those of O-R trees grew continuously throughout the measurement period (Fig. 4) . Shoots of R-a and S trees had stopped growing by the end of April, but started again after June. This tendency was also observed in the total shoot length; however, the number of shoots of all types of rootstock scarcely increased after May (data not shown). These results suggest that the increase in total shoot length after May was mainly due to an increase in mean shoot length. The percentages of shoots showing secondary growth in 2007 and 2008 (Table 1) O-R trees did not bear flowers for at least the first three years, but did so abundantly after they gained growth.
Fruiting and fruit quality In 2006 and 2007, yields were low because of damage caused by typhoons and wild boar (Table 3 ). In 2008, fruit production was high, especially for R-a and R-b trees. As a result, the 2008 yield mainly reflected the total yield, in which there was no significant difference in both cultivars, and the cumulative yield efficiency. All indexes of yield efficiency showed that R-b trees produced fruit very efficiently (Table 3) . R-a trees also appeared to produce fruit successfully, but the respective differences between R-a trees and S and O-R trees of 'Hiratanenashi' were not significant. Some analyses included no or only one fruit-producing tree, and the resulting missing values and means without SE are shown in Table 4 . This included data from the last harvest year, during which ANOVA was not conducted because some trees did not produce fruit; however, all R-b trees successfully produced fruit from the first harvest year. As shown in Table 4 , there was no consistent trend in fruit weight between rootstocks in different harvest years, although the SSC of 'Hiratanenashi' fruit produced on R-b trees was lower than that on the other trees. Between rootstocks, there was no consistent trend in the day of 50% harvest, skin color, fruit firmness, seed number, or the frequency and degree of physiological fruit disorders (data not shown). In the last harvest year, all R-a trees also produced fruit, and therefore, R-a and R-b data were subjected to the F-test (P < 0.05). There was no significant difference in fruit quality except the number of seeds of 'Fuyu'. The fruits of R-b trees had more seeds (5.3) than those of R-a trees (4.1), while the fruits of S and O-R trees had 2.7 and 3.6 seeds, respectively.
Graft union
Two typhoons in 2007 uprooted two S trees of 'Fuyu' as well as two O-R trees of 'Hiratanenashi', one R-a tree of 'Hiratanenashi', and one R-a tree of 'Fuyu', even though all trees were tied to a 2.5-cm diameter steel pipe stake. Moreover, three O-R trees and eight R-a trees were blown over. On the other hand, only one R-b tree and 'Fuyu'. Data represent the means of four replications each, except for seedling and own-rooted 'Fuyu' trees for which there were two replications each. Means in the same date followed by the same letter are not significantly differenct at P < 0.05 by Fisher's protected LSD test or F-test. Fig. 3 . Effects of rootstock on the number of shoots in 'Hiratanenashi' and 'Fuyu'. Data represent the means of four replications each, except for seedling and own-rooted 'Fuyu' trees for which there were two replications each. Means in the same date followed by the same letter are not significantly differenct at P < 0.05 by Fisher's protected LSD test or F-test.
was affected. Following these typhoons, some scaffold branches were also found to have been broken off, but not at the graft union. The graft union between the 'Hiratanenashi' scion and R-b, specifically the upper join, swelled well, although that between 'Fuyu' and R-b appeared seamless (Fig. 5) similarly to those between both cultivars and R-a. As a result, the swelling index of R-b trees of 'Hiratanenashi' was 1.28, which was significantly different from that of R-a trees of 'Hiratanenashi' (1.06), R-a trees of 'Fuyu' (1.04), and R-b trees of 'Fuyu' (1.00). Table 2 . Effects of rootstock on number of flowers and number of shoots with flowers per number of total shoots in 'Hiratanenashi' and 'Fuyu'.
Means were derived from four replications each, except for seedling and own-rooted 'Fuyu' trees for which there were two replications each. z Means in the same column within the same cultivar followed by the same letter are not significantly different at P < 0.05 by Fisher's protected LSD test or F-test. 
Discussion
In this study, the planting site was located next to a persimmon orchard but on reclaimed land, and the soil was shallow and not particularly fertile. This caused the trees to grow more slowly and produce less fruit than Japanese persimmon trees described in other reports (Koshita et al., 2007; Tetsumura et al., 1999 Tetsumura et al., , 2003a . In addition, typhoons and wild boar damage further affected growth. Irrespective of these disadvantages in growth and production, the results showed a definite trend; Ra was not a dwarfing rootstock while R-b was.
The original seedling rootstock of R-a resulted in a dwarfed 'Hiratanenashi' with height, the area occupied by the canopy, and yield being 70%, 33% and 40%, respectively, of normal-sized 'Hiratanenashi' trees in the same orchard (Tetsumura et al., 2003b) . There were, however, a number of differences in growing conditions and environment between the original trees and those used in this study, such as the soil, propagation method (seedlings vs. cuttings), and climate. Moreover, the original trees were 35 years old or more when Table 3 . Effects of rootstock on fruit yield and yield efficiency in 'Hiratanenashi' and 'Fuyu'.
Means were derived from four replications each, except for seedling and own-rooted 'Fuyu' trees for which there were two replications each. z TCSA: trunk cross-sectional area at 40 cm above the soil. y Canopy area: ground area covered by tree canopy. x Canopy volume: according to Kimura et al. (1985) . w Means in the same column within the same cultivar followed by the same letter are not significantly different at P < 0.05 by Fisher's protected LSD test or F-test. investigated, and hence definitive conclusions require further investigation. Trees of both cultivars growing on R-b showed a dwarfing habit and effectively produced flowers and fruit. Previous reports have documented rootstocks that result in dwarfed persimmon trees (Koshita et al., 2009; Yakushiji et al., 2008) ; to date, only one strain has been shown to improve yield efficiency (Kamada et al., 2004) . Yield efficiency of persimmon in commercial orchards in Japan is generally affected by the percentage of shoots bearing flowers. The high yield efficiency of R-b trees in this study was possibly due to the fact that the percentage of flower-bearing shoots was also highest among these trees. On the other hand, physiological fruit drop also affects yield and yield efficiency. Physiological fruit drop in persimmon is reportedly correlated with the growth of secondary shoots and the number of seeds (Kajiura, 1944; Sobajima and Takagi, 1968) . The removal of secondary shoots has been shown to stop physiological fruit drop (Kajiura, 1944) , while artificial pollination to increase seed number has been recommended to prevent physiological fruit drop (Sobajima and Takagi, 1968) . Moreover, physiological fruit drop in 'Hachiya' persimmon grafted on D. lotus seedlings, which resulted in more vigorous trees, was more severe than that in 'Hachiya' persimmon grafted on D. kaki (Choi et al., 2008) . Further investigation into the physiological fruit drop of R-b trees is therefore needed to determine its relationship with secondary shoot growth and seed number.
Fruit quality, including the number of seeds on 'Fuyu' and the SSC of 'Hiratanenashi', might have been affected by rootstock type; however, differences were found in only one year or could not be statistically analyzed. Further investigation of fruit quality in a higher productive age is therefore necessary. Fruit quality of 'Maekawajiro' persimmon was previously shown to be affected by the micropropagated dwarfing rootstock (Wada et al., 2004) , while rootstocks of grafted fruit trees are often known to affect fruit quality (Autio, 1991; Webster and Wertheim, 1993) ; however, dwarfing interstocks for persimmon do not appear to affect fruit quality (Koshita et al., 2007; Manago et al., 2000) .
There are differing viewpoints concerning the mechanisms of dwarfing with much research having been reported in apples (Simons, 1987) . Swelling of the graft union was frequently observed on the M26 apple dwarfing rootstock, resulting in dwarfed apple trees (Koike, 1995) . Moreover, water conductivity in the swollen graft union was worse (Kamakura et al., 1989) and the dwarfing effect of M26 decreased when a 'Fuji' scion, which does not swell at the graft union of M26, was used as the interstock (Koike, 1995) . In this study, swelling at the graft union of R-b was observed with the 'Hiratanenashi' scion but not with the 'Fuyu' scion (Fig. 5) ; however, both trees were dwarfed. It has been shown that there is no correlation between the growth of 'Fuyu' graft unions on the interstocks and tree growth (Koshita et al., 2007) , while swelling has been observed on 'Shidare-kaki' interstocks, which dwarfs 'Maekawajiro' persimmon trees (Manago et al., 2000) . Although the cause of R-b dwarfing in this study was reduced shoot growth, the mechanism behind the dwarfing remains poorly understood, and hence further anatomical, physiological and chemical investigations are necessary.
Anchorage of trees derived from cuttings and micropropagation is worse than that of trees on seedlings (Larsen and Higgins, 1993; Lewis and Alexander, 2008) ; however, in this study, the shallow soil possibly worsened anchorage since some S trees were uprooted and others blown over by typhoons in spite of staking. Thus, it appears that the steel pipe stakes were unable to support the larger trees against strong winds; however, R-b trees were less seriously damaged than the other trees, mainly because they were smaller. Another reason they were able to withstand the typhoons may be that their roots were sufficiently developed and not brittle. Cuttings of R-b were previously shown to have numerous and very strong roots that could hold on to rooting medium (Tetsumura et al., 2003b) . On the other hand, the poor anchorage of dwarfing rootstocks for apple results from brittle roots rather than a shallow root system (Westwood, 1993) . R-b trees suffered the greatest damage from wild boars in 2006, with a number of lower branches at a height of 1 m or less being damaged for their fruit.
Many reports have introduced practical methods to lower tree canopies of persimmon such as horizontal trellis training (Hayashi et al., 2004) , straight line training (Fujishima, 2009), root-zone restriction (Fumuro and Utsunomiya, 1999) , container planting (Matsumura, 1998) , and double grafting of interstocks (Koshita et al., 2007) . All methods are effective and have been put to practical use; however, some remain non-cost effective whilst others fail to improve yield efficiency. R-b grafting resulted in dwarfed trees, and the resulting scions efficiently produced fruit without a marked drop in fruit quality. Further investigations into R-b are required to determine the long-term effect on dwarfing and general applicability to other cultivars. 
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